tenuifolin was used as a reliable chemical marker for the quality control of Radix polygalae. the determination of tenuifolin is challenging because the analyte molecule lacks a suitable chromophore. the aim of this study was to establish a microemulsion high-performance liquid chromatography (MeLc) method which is robust and sensitive, and can separate and determine tenuifolin in Radix polygalae using an oil-in-water (o/W) microemulsion mobile phase. the separations were performed on a C18 (4.6 × 250 mm, 5 μm) column at 25 °C using a flow rate of 1.0 mL/min, and an ultraviolet detection wavelength of 210 nm. The microemulsion mobile phase comprised 2.8% (w/v) sodium dodecyl sulfate (SDS), 7.0% (v/v) n-butanol, 0.8% (v/v) n-octane and 0.1% (v/v) aqueous orthophosphate buffer (H3PO4). The linearity analysis of tenuifolin showed a correlation coefficient of 0.9923 in the concentration range of 48.00-960.00 µg/mL. the accuracy of the method based on three concentration levels ranged from 96.23% to 99.28%; the limit of detection (LOD) was 2.34 µg/mL, and the limit of quantification (LOQ) was 6.76 µg/mL. the results of our study indicated that the optimized MeLc method was sensitive and robust, and can be widely applied for the separation and determination of tenuifolin in Radix polygalae.
optimization of MeLc conditions. Selection of surfactant type and concentration. The surfactant in the mobile phase has a remarkable effect on the separation selectivity in the mobile phase. The surfactant can change the surface of the stationary phase because it can adhere to the porous stationary phase, which has a direct influence on the retention of solutes 23 . In this study, SDS, CTAB and Tween-80 were tested for using in the oil-in-water microemulsion. Both CTAB and Tween-80 failed to offer a better baseline resolution and separation for tenuifolin. Therefore, SDS was the optimal surfactant in this study. Five concentrations of SDS were studied (Fig. 3a) . It was found that the retention time of tenuifolin decreased upon increasing the concentration of SDS from 2.6 to 3.2% w/v. This showed that SDS may have changed the surface of the stationary phase and therefore reduced the retention of tenuifolin. However, further increases in SDS concentration has shown no marked effect on the retention time of tenuifolin. 2.8% w/v SDS could provide a more appropriate elution time for separation and better retention factors for tenuifolin in Radix Polygalae. Therefore, 2.8% w/v SDS was used as the surfactant for further studies. Selection of cosurfactant type and concentration. A cosurfactant, for instance, a short-chain alcohol was utilized to enhance and stabilize the microemulsion system. Moreover, cosurfactants play important role in phase behavior 24 . 1,2-propanediol, n-propanol and n-butanol were used as cosurfactants, with which the retention times for tenuifolin were found to be 24.01 min, 16.23 min and 9.66 min, respectively, and the symmetry factors were 0.57, 0.73 and 0.94, respectively. Therefore, the optimum cosurfactant was n-butanol in this study. Five concentrations of n-butanol were investigated (6.5, 7.0, 7.5, 8.0 and 8.5% v/v) ( Fig. 3b ). The retention time of tenuifolin was reduced upon increasing the concentration of n-butanol from 6.5 to 8.0% v/v, which was due to an increase in the solubilization capacity of the microemulsion with the use of n-butanol. Nevertheless, a further increase in the n-butanol concentration had no marked effect on the retention time. The use of 7.0% v/v n-butanol provided a better separation selectivity and suitable elution time for tenuifolin in Radix Polygalae. Therefore, 7.0% v/v n-butanol was chosen as the optimal cosurfactant concentration in subsequent experiments.
Selection of oil type and concentration. The type and concentration of the oil phase can significantly affect the retention time of analytes in the MELC method 25 . Three types of organic solvents (n-hexane, n-heptane and n-octane) were investigated in this study. However, n-hexane and n-heptane made forming stable microemulsions difficult. Therefore, n-octane was chosen as the oil type. Five concentrations of n-octane were investigated (0.4, 0.6, 0.8, 1.0 and 1.2% v/v) ( Fig. 3c ), which showed that the retention time of tenuifolin decreased as the n-octane concentration increased from 0.4 to 1.0% w/v. However, with a further increases in the n-octane concentration, the retention time of tenuifolin did not change significantly. The augmentation of n-octane can increase the content of organic reagents in the mobile phase and improve the elution ability. The n-octane molecule can also interfere with the surface of the stationary phase to reduce the polarity of the stationary phase and enhance the elution ability. A concentration of 0.8% v/v was suitable for routine use to separate tenuifolin in Radix Polygalae as it provides good peak efficiency and suitable elution time.
Selection of column temperature. Five different column temperatures (25, 30, 35, 40 and 45 °C) were examined in this study ( Fig. 3d ). It was found that the retention time of tenuifolin was not significantly affected by temperature change. The result was in line with the findings reported 26 . However, the temperature has a significant effect on www.nature.com/scientificreports www.nature.com/scientificreports/ Validation of chromatographic parameters. Identification of tenuifolin. In order to identify the tenuifolin, an aliquot of 5 µL filtrate (48.00 µg/mL) was injected into the UPLC-Q-TOF-MSE system for analysis. The total ion current (TIC) chromatogram and MS/MS spectra including proposed fragmentation path ways of tenuifolin in negative modes are depicted in Fig. 5 . Tenuifolin showed quasi-molecular ion [M-H] at m/z 679.3714 in negative ion mode, and yielded fragment ions at m/z 455.3184 and 425.3083 respectively. According to the accurate mass and its fragment information, it was identified as tenuifolin.
Selectivity, linearity and sensitivity. Selectivity was confirmed in the chromatograms of the standard solution and the sample solution. It is apparent that tenuifolin was clearly baseline separated in the sample solution, eluting in less than 10 min. The optimized separation is demonstrated in Fig. 6 . Method linearity was evaluated in the range of 48.00-960.00 µg/mL. The regression equation was as follows Eq. (1):
+ . y 169 27x 31 32
(1) www.nature.com/scientificreports www.nature.com/scientificreports/ where y is the peak area and x is the concentration (µg/mL) ( Table 1 ). The linear regression analysis data showed a good linear relationship with a correlation coefficient (r) of 0.999. The LOD and LOQ values were 2.34 and 6.76 µg/mL, respectively, which showed high sensitivity under the experimental conditions. Precision and accuracy. The intraday and interday variations are summarized in Table 2 . The RSD were less than 0.98% and 1.54% for intraday and interday variation, respectively. The average recoveries ranged from 96.23% to 99.28%. The RSD values were 0.41%, 1.39% and 1.36%, respectively ( Table 3 ). The results suggested the feasibility of the MELC method for detecting tenuifolin in Radix Polygalae.
Repeatability and stability. For the repeatability study, the result showed that the value of RSD was 1.98%, which indicated that our method was reproducible. The stability was assessed by the same sample solution. The value of RSD for tenuifolin was 1.42%, indicating that the sample solution remained stable for at least 24 hours.
Comparison with conventional HPLC analysis. To prove the validity of the MELC method, the results obtained by use of the proposed method were compared with conventional HPLC analysis. A conventional HPLC gradient mobile phase of methanol-0.05% aqueous phosphoric acid (70:30) was employed. Compared with conventional HPLC analysis, the MELC method has a lower detection limit and higher sensitivity under identical experimental conditions 26 . The LOD of tenuifolin by way of HPLC was 3.50 µg/mL, and the LOD of tenuifolin with MELC was 2.34 µg/mL. The LOQ of tenuifolin with HPLC was 7.50 µg/mL, and the LOQ of tenuifolin in the MELC method was 6.76 µg/mL. Application of the method. The validated method was applied to determine the tenuifolin contents in ten different samples of Radix Polygalae collected from various regions of China. The MELC results showed that the content varied between 0.83 and 3.21%. The HPLC results showed that the content varied between 0.71 and 2.98%. The results of the two methods are consistent. Among them, the contents of tenuifolin in Radix Polygalae sample No. 2 were markedly higher than those in samples collected from other regions ( Table 4 ). www.nature.com/scientificreports www.nature.com/scientificreports/ conclusions A sensitive, simple and efficient MELC method was developed for the rapid detection of tenuifolin in Radix Polygalae. Compared with HPLC, MELC method uses less organic solvent and offers a faster analysis time for the determination of tenuifolin with previous 10 . In addition, the proposed method is characterized by a high degree of sensitivity, precision, accuracy and separation. The method was successfully applied to samples of Radix Polygalae from different regions of China. In future research, the chromatographic conditions in this paper could be used to analyze tenuifolin in other biological samples, such as tissue homogenates, plasma and urine. Although the MELC assay is not a substitute for a more accurate and sensitive assay based on LC-MS/MS, the MELC method could provide a new choice for the routine quality control analysis of traditional Chinese medicinal materials as a powerful tool. chromatographic conditions. The analyses were carried out using an Agilent Technologies 1100 HPLC system (USA) with a Welch Materials XB-C 18 (4.6 × 250 mm, 5 μm) column. A microemulsion as the mobile phase was prepared by mixing 2.8% (w/v) SDS, 7.0% (v/v) n-butanol, 0.8% (v/v) n-octane and 0.1% (v/v) H 3 PO 4 . Before being injected into the HPLC system, the microemulsion mobile phase was filtered through 0.22 μm nylon membrane filters. During the analyses, the column temperature was set at 25 °C, and the injection volume was 10 μL. The flow rate of the mobile phase was controlled at 1.0 mL/min and peaks were detected at 210 nm 21,22 . preparation of sample solutions. Approximately 1.0 g of Radix Polygalae powder (passing through a No.
Materials and Methods
3 sieve, 355 ± 13 µm) was extracted with 50 mL of 70% methanol in an ultrasonic bath for 1 h. After cooling, it was brought up to the initial volume with 70% methanol and then filtered through filter paper. The filtrate (25 mL) was transferred to a round bottom flask and evaporated to dryness. Then, 25 mL of 10% sodium hydroxide was added to the residue. The solution was heated and refluxed for 2 h, and the pH was adjusted to 4 with concentrated hydrochloric acid after cooling. The mixture was extracted by using 50 mL of n-butanol three times. The extraction solutions were collected and concentrated to dryness, dissolved with methanol and moved into a 25 mL volumetric flask 27 . Before being injected, the solution was filtered by 0.22 μm nylon membrane filters. preparation of working standard solutions. A standard solution of tenuifolin was prepared by accurately weighing 60 mg of the analyte and dissolving it in a 50 mL volumetric flask using methanol. The standard solutions (1.20 mg/mL) were diluted directly to appropriate concentrations with methanol to produce the working standard solutions. All standard solutions were passed through 0.22 μm nylon membrane filters before analysis.
preparation of microemulsion. The microemulsion contained SDS (2.8%, w/v), n-butanol (7.0%, v/v) and n-octane (0.8%, v/v) as the surfactant, cosurfactant and oil phase, respectively. Briefly, a certain amount of SDS, n-butanol and n-octane were mixed in an ultrasonic bath for 10 min. Then, 0.01% (v/v) H 3 PO 4 was added to the mixed system and mixed in an ultrasonic bath for 30 min. particle size measurement of the mobile phase. The N = 3) .
The reported size was the Z-average size (cumulant mean) of three replicates determined at 25 °C using a particle size analyzer (Malvern, UK).
Method validation. Suitability of the optimized MELC method for the analysis of tenuifolin was evaluated
with validation studies including specificity, linearity, sensitivity, limit of detection (LOD), limit of quantification (LOQ), repeatability, accuracy and stability of the sample solution.
Specificity, linearity and sensitivity. Specificity was evaluated by comparing the chromatograms of the standard solution and the sample solution. The linear dynamic range was selected within 48.00-960.00 µg/mL. Six different concentrations of tenuifolin were prepared at 48.00, 96.00, 192.00, 400.00, 640.00 and 960.00 µg/mL. The calibration curve was obtained over this range by plotting the peak area against the concentration of tenuifolin. Sensitivity was expressed by the LOD and LOQ, which were determined by signal-to-noise ratios greater than 3 and 10, respectively.
Precision and accuracy. Precision of the method was represented by the measurement of the intraday and interday variations of standard solutions at low (48.00 µg/mL), middle (480.00 µg/mL) and high (960.00 µg/mL) concentration levels. The variations were expressed as the relative standard deviations (RSD). Intraday variation was determined for five replicates on the same day. Interday variation was evaluated by analyzing five replicates on three successive days. The accuracy of the method was determined by recovery studies using the standard addition method. Known amounts of teuifolin at three levels (8.68, 10.85, and 13.02 mg) were spiked into approximately 0.50 g of Radix Polygalae powder sourced from Xinmi of Henan Province, and then extracted and analyzed as described above. Recovery was calculated by Eq. (2).
= − × recovery (%) amount found original amount amount spiked 100% (2) Repeatability and stability. Repeatability was evaluated under optimum conditions by injecting six sample solutions at the same concentration that were extracted from the same batch of Xinmi. Stability was tested within the same sample solution stored at room temperature and assayed at 0, 2, 4, 8, 12 and 24 h.
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